We construct parameter sets of the relativistic mean-field model fitted to the recent constraints on the asymmetry energy J and the slope parameter L for pure neutron matter. We find cases of unphysical behaviour, i.e. the appearance of negative pressures, for stiff parameter sets with low values of the effective mass m * /m. In some cases the equation of state of pure neutron matter turns out to be outside the allowed band given by chiral effective field theory. The mass-radius relations of neutron stars for all acceptable parameter sets shows a maximum mass in excess of 2M⊙ being compatible with pulsar mass measurements. Given the constraints on the model in the low-density regime coming from chiral effective theory, we find that the radius of a 1.4M⊙ neutron star is nearly independent on the value of L. This is in contrast to some previous claims for a strong connection of the slope parameter with the radius of a neutron star. In fact, the mass-radius relation turns out to depend only on the isoscalar parameters of symmetric matter. The constraints of GW170817 on the tidal deformability and on the radius are also discussed.
I. INTRODUCTION
Neutron stars have received a lot of attention over the years [1] [2] [3] , especially since the detection of gravitational waves from the neutron star binary merger GW170817 [4] . The two most important properties of neutron stars, maximum mass and radius, are still a matter of intense analysis since they are linked to the physics of their interior, which is nowadays an open question.
It is now established that neutron stars, usually observed as pulsars, can have masses of up to 2M ⊙ [5] [6] [7] . The precise determination of neutron star radii is still an ongoing process. Model dependent constraints on the radius have been derived by fits to low mass quiescent X-ray binary data and thermonuclear bursts, sometimes with conflicting results [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Recent analysis of tidal deformabilities from the neutron star merger seen in gravitational waves, GW170817, however, were able to set limits on the radius of a M = 1.4M ⊙ neutron star in the range of R = 12-13.5 km based on statistical approaches [4, [25] [26] [27] [28] . Future high-precision X-ray space missions, such as the on-going NICER (Neutron star Interior Composition ExploreR) [29] and the future eXTP (enhanced X-ray Timing and Polarimetry Mission) [30] , will improve the situation by simultaneous measurements of masses and radii with higher accuracy [31] . Limits on neutron star radii are also expected to be refined by future detections of gravitational-wave signals from neutron star mergers.
The mass and radius of neutron stars strongly depend on the properties of matter in their interior, that is described by means of the equation of state (EoS). Indeed, the determination of the EoS is a field of extensive and active research. Among the different approaches to obtain the EoS, the relativistic mean field (RMF) models [32] [33] [34] [35] [36] [37] have been widely used for describing the interior of neutron stars based on fits to nuclear ground state properties and/or on fitting the parameters of the model directly to properties of nuclei, such as masses, charge radii and surface thickness. Yet it is far from a trivial task to generate an EoS that respects the properties of nuclear matter and nuclei as well as describes pure neutron star matter. Recall that it is an extrapolation of ∼18 orders of magnitude from the radius of a nucleus to the radius of a neutron star [38, 39] . For densities ρ ≤ 4 · 10 11 g/cm 3 neutron stars are expected to have a outer crust consisting of a lattice of neutron-rich nuclei. Up to densities of about ρ ∼ 10 14 g/cm 3 , the inner crust consists of a lattice of nuclei immersed within a neutron liquid. At higher densities the outer core is liquid neutron rich matter, consisting of a liquid of neutrons with a small admixture of protons and electrons. For the inner core, probably starting at twice saturation density, i.e. at ρ ≥ 5 · 10 14 g/cm 3 , one may speculate about exotic phases of matter, such as hyperon matter (see Ref. [40] for a review) or quark matter (see e.g. [41] [42] [43] [44] [45] ).
In this paper we present relativistic parameter sets for the EoS of the interior of neutron stars that fulfill the M ≥ 2M ⊙ neutron star mass constraint from the observations of pulsars and the radius constraint from GW170817 of R = 12-13.5 km, while fulfilling the saturation properties of nuclear matter. Moreover, we impose further constraints on the EoS for neutron matter coming from chiral effective field theory (χEFT) [46] . These constraints are met by simultaneously fitting the isoscalar couplings to saturation properties, while allowing for variations of the isovector parameters and the effective nucleon mass (m * /m) so as to reproduce the symmetry energy (J) and its slope (L) within reasonable theoretical and experimental limits [3, 11, [47] [48] [49] [50] .
We find that the values of the symmetry energy and its slope that allow for a physical solution for the neutron matter EoS compatible with χEFT depend on the value of the nucleon effective masses at saturation density. We also observe that the behaviour of both the maximum mass and the radius of neutron stars is dominated by the effective nucleon mass. The restricted range of L values coming from χEFT constraints does not allow for an appreciable variation of the radius, while being not relevant for the determination of the maximum mass. All parameters sets result in maximum neutron star masses in excess of the 2M ⊙ limit. Large values of the effective nucleon mass induce small neutron star radii, so that effective nucleon masses of m * /m > 0.60 are needed in order to have radii compatible with the recent upper limit of the tidal deformabilities and radii from GW170817.
The article is organized as follows. In Section II we present the model Lagrangian and derive the corresponding equations of motion. We determine the parameters of the model in Section III, while presenting our results for the EoS, mass-radius relation and dimensionless tidal deformability in Section IV. Our conclusions are summarized in Section V. The tables with the isoscalar and isovector parameters of the model can be found in the Appendix A.
II. THEORETICAL FRAMEWORK
The properties of the nuclear EoS and of finite nuclei can be described within the RMF model, using a contemporary formulation of the Lagrangian density of the theory [32] [33] [34] [35] [36] [37] . In this framework, the interactions among nucleons (N), three mesons (σ, ω and ρ) and the photon can be depicted by the effective Lagrangian for the interaction
where Ψ N indicates the Dirac field for the nucleons (n=neutron and p=proton), m is the average nucleon mass, while σ, ω µ and ρ µ are the mesonic fields and A µ the photon field. Also, q N is the charge of the nucleon and τ indicates the Pauli matrices. The g σ and g ω couplings of the isoscalar σ and ω mesons to the nucleon determine the energy per particle and density of the ground state of nuclear matter.
The g ρ coupling of the isovector ρ meson to the nucleon is important for the nuclear symmetry energy. Moreover, the σ-meson self-interactions, with the b and c couplings, allow for a quantitatively successful description of nuclear matter and finite nuclei, as they soften the EoS at moderate densities giving rise to a realistic incompressibility of nuclear matter [51] [52] [53] . The mixed interaction among ω and ρ, Λ ω , models the density dependence of the nuclear symmetry energy [36, 39, 54] , influencing the neutron radius of heavy nuclei and, presumably, neutron star radii. Finally, the quartic self-coupling ζ of ω softens the EoS at high densities [33, 39, 55] , affecting the maximum mass of neutron stars.
Given the Lagrangian density of Eq. (1), one can derive the equation of motion for each particle. Nucleons satisfy the Dirac equation
with τ 3p = +1 for the proton and the effective mass of the nucleon being
While the photon obeys the Poisson equation with the proton density being the source term, the mesonic equations of motion follow from the respective Euler-Lagrange equations. In the mean-field approach, the mesons are replaced by the mean-field expectation values, that is, 
The quantities n s = n s p + n s n and n = n p + n n are the scalar and vector nuclear densities, respectively, whereas n 3 = n p − n n , all of them in terms of the proton and neutron densities, generically defined as
with E FN = k 2 FN + m * 2 , where k FN is the nucleon Fermi momentum.
With the above results, one can derive the energy density from the energy momentum tensor in the mean-field approximation:
The pressure can be obtained via
where the nucleonic chemical potential is given by
III. CALIBRATION OF THE MODEL
In order to analyze the effect of the nuclear bulk properties of infinite nuclear matter on the mass and radius of neutron stars, one has to connect the coupling constants of the Lagrangian for the interaction in Eq. (1) with the nuclear matter properties. We follow the procedure described in Ref. [37] , where the isoscalar and isovector coupling constants are fixed in terms of the different bulk parameters of infinite nuclear matter.
On the one hand, the isoscalar coupling constants (g σ , g ω , b and c) are determined by fixing the saturation density n 0 as well as the binding energy per nucleon E/A, the incompressibility coefficient K and the effective nucleon mass m * /m at saturation. In this work we take n 0 = 0.15 fm −3 , E/A(n 0 ) = −16 MeV, while the incompressibility is chosen to be K(n 0 ) = 240 MeV, based on Ref. [56] and within the accepted values reported in [3] . Moreover, the effective nucleon mass will be varied between m * /m=0.55 and 0.75. The values for the isoscalar coupling constants are given in Table II of the Appendix A for the different values of the effective nucleon mass. The remaining coupling constant ζ is set to zero, so as to produce the stiffest possible EoS at high densities. In our calculations, we take m = 939 MeV, m ω = 783 MeV and m σ = 550 MeV for the masses of the nucleon, ω and σ mesons, respectively.
On the other hand, we explicitely show how the isovector couplings (g ρ and Λ ω ) are determined as a function of the symmetry energy J and the slope of the symmetry energy at saturation L, summarizing the procedure of Ref. [37] .
An analytical expression for the density-dependent symmetry energy is
Here S 0 (n) and S 1 (n) are the isoscalar and the isovector parts of the density-dependent symmetry energy. Given that the isoscalar sector has been fixed, S 0 (n) and derivatives are known, while S 1 (n) is unknown as g ρ and Λ ω are not determined. We can use, however, the experimental knowledge on the symmetry energy at saturation density J = S(n 0 ) as well as the slope L = 3n 0 dS dn 0 to determine g ρ and Λ ω .
We start by writing J as
For a given m * /m at n 0 , we can compute J 0 . Then, J 1 is also known as we fix J.
Moreover, the slope parameter L reads as
where
After a bit of algebra, it was shown in Ref. [37] that
with
in terms of
The quantity L 0 is given exclusively in terms of isoscalar parameters, so it is known. As for L 1 [37]
with m * ω = m ω , since ζ = 0 [37] . Therefore, knowing L 0 and given L, L 1 is easily calculated and, hence, Λ ω .
As for g ρ , we use Eq. (15) for Λ ω as well as Eqs. (8) and (9), so we find
The values for g ρ and Λ ω are given in Tables III and IV of Appendix A for J = 30 and J = 32, respectively, and for different values of L, such that 40 ≤ L ≤ 60 MeV. The values of J and L are taken to be compatible with estimations coming from the analysis of a variety of nuclear data from terrestrial experiments, astrophysical observations, and theoretical calculations [3, 11, [47] [48] [49] [50] .
IV. EQUATION OF STATE, MASS-RADIUS AND TIDAL DEFORMABILITY OF NEUTRON STARS A. Constraints on the Equation of State
As mentioned in the previous section, the EoS must fulfill certain nuclear matter properties at saturation density, as well as certain constraints of J and L. Moreover, we further restrict the possible EoSs by imposing that their behaviour for neutron matter at densities around saturation density must be compatible with recent lowdensity constraints coming from the analysis of χEFT for densities up to 1.3 n 0 [46] . Thus, we examine the EoSs compatible with these constraints for neutron matter by varying the effective nucleon mass, which is a free parameter, within certain reasonable limits, between m * /m = 0.55 and 0.75 [57] . Needless to say, we only allow for physical solutions, where neutron matter EoS always increases with density so that no unstable regions are present.
With all these restrictions, we show the neutron matter EoSs for J = 30 in Fig. 1 and for J = 32 in Fig. 2 by simultaneously changing L and m * /m. The upper panels in these figures correspond to solutions of the neutron matter EoS that are compatible with the allowed band region from χEFT (red shaded area) and present no instabilities, while the lower panels show neutron matter EoSs that are outside the allowed χEFT and/or that are unphysical as they present unstable regions. We observe that the physical solutions for neutron matter EoS require larger values for L as we increase J for a fixed m * /m of 0.55 MeV and 0.60 MeV. We also find that as we take small values of L, such as L = 40 or L = 45, a too small effective nucleon mass induces the appearance of instabilities in the neutron matter EoS.
The previous conclusions can be extracted from Figs. 3 and 4, where the unphysical neutron matter EoS solutions (red plus sign), the solutions for the neutron matter EoS outside the χEFT band (blue cross) and the physical solutions inside the χEFT region (green star) are depicted indicating their corresponding L and m * /m. These figures show a distinctive pattern for both values of J: it is more difficult to find a physical solution for the neutron matter EoS compatible with the χEFT results for small values for m * /m and L at the same time. This is due to the fact that the reduction of the effective nucleon mass leads to bigger values for the ω field and, hence, to a stiffer EoS due to the Hugenholtz-van-Hove theorem [52] . Thus, a softening of the EoS induced by a small value of L competes with the stiffening of the EoS as we reduce the effective nucleon mass, leading to either a solution outside the band of χEFT or the appearance of unstable solutions below saturation density. Also, we find that it is not possible to lower the value of J from 32 MeV to 30 MeV for a fixed m * /m in order to obtain physical solutions of the neutron matter EoS that fulfill the χEFT constraints for the whole range of L studied, that is, 40 ≤ L ≤ 60, since solutions outside the χEFT emerge for a value of L = 60. For J = 30 and L = 60 it turns out that large effective nucleon masses induce a softening of the neutron matter EoS for low-densities below the allowed χEFT band.
B. Mass and Radius of Neutron Stars
Once the neutron matter EoS is known, we can study neutron stars by extending our analysis to β-stable neutron star matter. Therefore, the chemical potentials and the number densities of electrons, protons and neutrons in a neutron star core have to be related by the conditions µ n = µ p + µ e , n e = n p .
These relations, the Dirac equations for the nucleons (and electrons), and the field equations for the mesonic fields σ, ω and ρ are to be solved self-consistently for a given total nuclear density n = n p + n e . Once the chemical potential and the density of each species have been obtained at the given n, one can determine the energy density and pressure (EoS) of the neutron star matter for each density.
The mass M and the corresponding radius R of a non-rotating symmetrically-spheric neutron star are obtained by solving the Tolman-Oppenheimer-Volkoff (TOV) equations
in units c = G = 1. Here r is the radial coordinate and M (r) is the mass enclosed by a radius r. By changing the value of the central pressure, one obtains the mass-radius relation of neutron stars using, for the core, the EoS described in the previous section. For the inner and outer crust, we use the supernova EoS of the density-dependent relativistic mean-field model parameterization DD2 [58] adopted and used in [59] , taken from the thermodynamic ansatz of [60] , which considers shell effects and the lattice energy as done for the outer crust in [61, 62] but extended to the inner crust. Fig. 5 shows the mass-radius relation for J = 32 and m * /m = 0.60 for different values of the slope parameter 50 ≤ L ≤ 60. Similar results are found for J = 30. We find that the 2M ⊙ limit from pulsar mass measurements [5] [6] [7] is fulfilled for all mass-radius curves. In fact, the maximum mass is not sensitive to the variations of the slope parameter L, as already seen in Ref. [63, 64] . The mixed interaction between ω and ρ mesons, with the coupling Λ ω , governs the density dependence of the nuclear symmetry energy and, hence, the slope L around saturation density but turns out to be negligible at high densities, such as those found in the center of 2 M ⊙ neutron stars. This surprising finding is due to a delicate cancellation effect. At high densities the isoscalar vector field ω grows linearly with density, while the equation of motion for the isovector vector field ρ has a trivial solution for a ρ field growing inversely proportional to the density, i.e. ρ ∝ 1/n, becoming negligible at high densi- ties (see eqs. 3). As for the radius of a 1.4M ⊙ neutron star, we find that it is nearly independent on the constrained value of L given by χEFT ab-initio calculations. This is in contrast to some previous claims for a strong connection of the slope parameter with the radius of a neutron star which, however, consider also a larger range for L [65, 66] . As a consequence, all dependencies of isovector quantities on neutron star properties turn out to be small. The effective nucleon mass, on the other hand, is responsible for the variation of both the maximum mass and the radius, as seen in Fig. 6 . Due to the Hugenholtzvan-Hove theorem, the smaller the effective nucleon mass is, the stiffer the EoS is. Hence, small values of m * /m lead to large neutron star masses and also large radii. However, the fact that our EoSs for neutron matter have to fulfill the χEFT constraints, that lead to soft EoSs in the low-density regime, gives rise to radii between 12.1 and 13.7 km for a M = 1.4M ⊙ neutron star, as seen in Table I .
In Fig. 7 we show the radius for a 1.4 M ⊙ neutron star as a function of L and m * /m. We observe that changes in the effective nucleon mass have a stronger effect on the value of the radius as compared to variations in L. As pointed out in Ref. [65] , there is a correlation of the radius of 1.4M ⊙ stars with L. However, the constraints on our EoSs coming from χEFT do not allow for a wide variation of L (see Figs. 3 and 4) . Thus, the variation of L is less important than the change of m * /m for the determination of the radius of 1.4M ⊙ star.
C. Tidal Deformability
The recent detection of the gravitational wave event GW170817 coming from the binary neutron star merger by the LIGO and Virgo observatories [4] has posed constraints on the EoS through the tidal distortion during the inspiral phase. In a neutron star binary system, the tidal deformability λ measures the induced quadrupole moment, Q ij , of a star in response to the tidal field of the companion, E ij [68, 69] 
The tidal deformability λ is related to the dimensionless l = 2 tidal Love number k 2 as where R is the radius of the star. The tidal Love number can be calculated from
with C being the compactness parameter (C = M/R).
The quantity y R ≡ y(R) is obtained by solving, together with the TOV equations (18), the following differential equation for y [70] ry
is a metric function of a spherical star and
with ν ′ (r) being the derivative of the ν(r) metric function
and c s (r) 2 = dp/dǫ the squared speed of sound. The boundary condition of Eq. (22) is y(0)=2.
Once k 2 is known, the dimensionless tidal deformability Λ can then be determined by the relation
In Table I we show the dimensionless tidal deformability Λ for different values of m * /m fixing J = 32 MeV and L = 60 MeV as in Fig. 6 . Our value of Λ for m * /m > 0.60 lie below the upper limit ofΛ ∼ 800 as given by [4] . We note that a recent reanalysis gives a somewhat lower limit ofΛ 500 within 90% credibility [27, 28] , so that only the case m * /m = 0.75 would be compatible with GW170817. For completeness, we also show the radius, central energy density and pressure of a 1.4M ⊙ neutron star, as well as the central energy density and pressure at 2M ⊙ together with the maximum mass reached for each value of m * /m. The constraints on the tidal deformability have also allowed for the determination of the statistically most probable radius of a 1.4 M ⊙ neutron star. Annala et al [25] has recently concluded that the maximum radius of a 1.4M ⊙ star is 13.60 km by combining the new stringent limits on tidal deformabilities with the existence of 2M ⊙ stars using a a generic family of EoSs that interpolate between state-of-the-art theoretical results at low-and high-baryon density. Most et al. [26] have shown that a purely hadronic neutron star has 12.00 ≤ R 1.4M⊙ (km) ≤ 13.45 with a 2-σ confidence level, with a most likely value of 12.39 km, by imposing constraints on the maximum mass (M < 2.16M ⊙ ) and on the dimensionless tidal deformability (Λ < 800 MeV) using one million EoSs. Also, the recent article by the LIGO and Virgo scientific collaboration [28] has claimed that 10.50 ≤ R 1.4M⊙ (km) ≤ 13.30 for EoSs which support maximum masses of M ≥ 1.97M ⊙ at 90% credible level. In Ref. [27] a mass range of a binary neutron star merger with 1.1M ⊙ ≤ M ≤ 1.6M ⊙ has been studied, leading to 8.70 ≤ R 1.4M⊙ (km) ≤ 14.10, with an average value of R = 11.5 km by means of a Bayesian parameter estimation, while in [67] it was found that GW170817 requires a radius of R 1.4M⊙ < 13.6 km. Our results for radii of a 1.4M ⊙ star are compatible with all these analysis provided that m * /m > 0.60, as seen in Fig. 7 . Also similar results for R 1.4M⊙ are found in theoretical analysis using different non-relativistic and relativistic models constrained by the tidal deformabilities [71] [72] [73] . We note that the lower limit on the radius found in the previous works is also fulfilled for all the cases studied in this paper.
In order to have radii below 13.5 km, we find that effective nucleon masses m * /m > 0.60 are needed. Values of the effective mass above m * /m = 0.65 have to be, though, taken with caution, as these values might not be compatible with experimental results on binding energies and charge radii of atomic nuclei [74] . Only models that include a tensor term allow for such high effective nu-cleon masses to be compatible with the large spin-orbit splitting of 16 O which determines the magic numbers observed from nuclear binding [57] .
V. CONCLUSIONS
We have studied the EoS in the inner core of neutron stars within the relativistic mean field theory with the aim of fulfilling several recent astrophysical constraints, such as, the 2M ⊙ neutron star mass limit [5] [6] [7] and the extraction of neutron star radii 13.5 km from the recent analysis on tidal deformabilities of the GW170817 neutron star merger event [25] [26] [27] [28] [71] [72] [73] .
The phenomenological model satisfies the saturation properties of nuclear matter together with constraints on low-density neutron matter coming from χEFT abinitio approaches [46] . These constraints are fulfilled by simultaneously fitting the isoscalar couplings to saturation properties (saturation density, energy per particle and compressibility), while allowing for variations in the isovector parameters so as to reproduce the symmetry energy and its slope within reasonable theoretical and experimental limits [3, 11, [47] [48] [49] [50] .
We have found that the values of the symmetry energy With regards to the mass and radius of neutron stars, we have obtained that the effective nucleon mass turns out to be the dominant parameter controling both, the maximum mass and the radius of a neutron star. This is due to the fact that, on the one hand, the restricted range of L values coming from χEFT constraints does not allow for noticeable variations on the radius and, on the other hand, the isovector parameters turn out to be not relevant for the determination of the maximum mass, as seen in Ref. [63, 64] . Large values of m * /m induce small masses and radii, as expected from the Hugenholtzvan-Hove theorem. Thus, effective nucleon masses of m * /m > 0.6 are needed in order to reproduce 2M ⊙ observations and have radii compatible with recent astrophysical determinations [14-16, 18-20, 22, 23, 75, 76] , that are corroborated by the analysis on tidal deformabilities of the GW170817 event [25] [26] [27] [28] [71] [72] [73] . In fact, our values of the dimensionless tidal deformability are within the 90% confidence level for m * /m > 0.60 at J = 32 and L = 60. Note, however, that the effective nucleon mass has to be reconciled with the binding energies and charge radius of atomic nuclei [74] .
In the near future, apart from the expected detection of gravitational-wave events from other neutron-star binary systems, high-precision X-ray space missions, such as the on-going NICER [29] and the eXTP [30] , will shed some more light on the properties of matter inside neutron stars by offering simultaneous measurements of their masses and radii [31] .
Appendix A: Isoscalar and isovector coupling constants
In this Appendix we show the values of the coupling constants in the isoscalar and isovector sectors used throughout this work. The isoscalar coupling constants (g σ , g ω , b and c) are given in Table II for The isovector coupling constants g ρ and Λ ω are shown in Tables III and IV Table III , but for J = 32. The analysis of the possible solutions is shown in Fig. 4 .
